ABSTRACT. Moisture content (MC) in peanuts is
oisture content (MC) is an important quality factor that is measured and monitored at various stages in the peanut industry. To meet the grading standards, peanuts (Arachis hypogaeaĂL.) have to be dried to reduce the MC to less than 10% (USDA, 2000) . Peanuts are dried artificially in trailers that have a perforated floor through which hot air is forced through the peanuts. During this process, MC of the peanuts is measured periodically to determine whether the required drying is achieved. While no known commercial instruments that measure MC of in-shell peanuts are in the market presently, instruments to measure peanut kernel MC and certain other types of grain are available. Moisture meters that work on electrical conductance or resistance measurements are commonly used in southeast Asia. MC of a small sample of peanut kernels, in the moisture range of 4.8% to 14.7%, can be measured with the GMK-303U grain moisture meter (G-won Hightech Co., Ltd., Seoul, South Korea) within an accuracy of ±0.5%, according to the manufacturer. The Shizuoka Seiki CTR-160P (Shizuoka, Japan) is another commercial instrument used to determine the MC of single peanut kernels by measuring the DC conductance of the kernel as it is crushed between two metal roller electrodes. The peanut moisture measurement range for this instrument is be- Mention of company or trade names is for description only and does not imply endorsement by the USDA.tween 6% and 30%, and the standard error of performance (SEP) was under 1% MC (Kandala and Butts, 2007a) :
where n is the number of observations, e i is the difference in the moisture content predicted and that determined by the reference method for the ith sample, and e is the mean of e i for all of the samples. These methods are destructive. Electronic moisture meters such as the GAC2100 (DICKEY-john, 1999) presently used in the U.S. are predominantly of the dielectric type. These require about 500 g of peanut sample that is shelled and cleaned to provide kernel samples each time a measurement is made. This involves considerable expense of labor and time. Peanut samples used for MC testing are usually discarded, and the cumulative loss of edible peanuts could be considerable. Earlier attempts to determine the MC of inshell peanuts from certain dielectric-related parameters showed good promise (Butts and Osias, 1991; Kandala and Butts, 2006) . A commercial impedance analyzer was used to measure the capacitance, phase angle, and dissipation factor of a 100 to 150 g sample of in-shell peanuts, held between two parallel plates, and from these measured values the MC of the sample was predicted (Kandala and Butts, 2006) . Although the commercial analyzers were useful in establishing the dielectric method for determination of MC of in-shell peanuts, they have many additional features that are not required for this purpose and are expensive (about $20,000.00).
The objective of this study was to present a nondestructive method for the measurement of MC with a low-cost meter (under $5000.00) that was designed and developed to measure the impedance and phase angle of peanut samples at three frequencies (1, 5, and 9 MHz).
MATERIALS AND METHODS

BASIC PRINCIPLES
Previous research showed that the dielectric properties of hygroscopic materials can be used to estimate the MC present in these materials (Klein, 1981; Trabelsi and Nelson, 2006) . The variation in dielectric constant with MC for shelled yellow field-corn was more pronounced between 1 and 5 MHz (Nelson, 1978) . Thus, (e r1 -e r2 ), the difference in the dielectric constants at 1 and 5 MHz or any other higher frequency, should be a good indicator of the moisture present in the material. The difference in capacitance of a parallel-plate system of plate area A and separation d at two frequencies can be written as:
where e r1 and e r2 are the dielectric constants of the material between the plates at the two frequencies, and e 0 is the permittivity of free space (8.854 × 10 -12 F m -1 ). It was found earlier that although (C 1 -C 2 ) was a good estimate of the MC, it was highly influenced by the sample size of the peanuts held between the plates (Kandala and Nelson, 1990) . The volume of space that a sample of odd-shaped material, such as in-shell peanuts, occupies between two parallel plates varies each time a sample is placed between the plates. Air gaps between the peanut pods and between the pods and the capacitor walls occur differently. Variations in two other related electrical parameters, phase angle (q) and dissipation factor (D), were also measured at these two frequencies. The capacitance and dissipation factor increased with moisture but were lower at higher frequencies. The phase angle decreased with moisture but was higher at higher frequencies. Empirical equations were developed to estimate MC of the in-shell peanut samples from the differences in capacitance, (C 1 -C 2 ), phase angle, (q 1 -q 2 ), and dissipation factor (D 1 -D 2 ) at 1 and 9 MHz without the need to weigh the samples (Kandala and Nelson, 2007) . This minimized the errors due to the void space within the sample.
Dissipation factor is a measure of energy loss that results from subjecting a dielectric to an alternating current electric field. It is related to the Q factor of the peanut material and is a measure of the energy stored in the electric field relative to energy dissipated in any one period. The power dissipated depends on the equivalent resistance of the complex circuit, and thus the variation in the impedance values (Z 1 -Z 2 ) of the system at the two frequencies adequately represents the term (D 1 -D 2 ). Thus, from the values of (C 1 -C 2 ), (q 1 -q 2 ), and (Z 1 -Z 2 ) measured with a two parallel-plate system fitted inside a cylinder, the MC of in-shell peanuts could be estimated to an acceptable accuracy (Kandala and Butts, 2007b) . For a single parallel-plate system, the following semi-empirical equation (eq. 3) worked well:
where C 1 , q 1 , Z 1 and C 2 , q 2 , Z 2 are the capacitance, phase angle, and impedance at 1 MHz and 5 MHz respectively, and A 0 to A 5 are calibration constants.
The calibration constants were evaluated by making measurements on several samples of known MC values within the required moisture range and applying a least squares computation. Statistical significance of the terms used in equation 3 was verified by the t statistic, requiring that the probability of a greater absolute value of t under the null hypothesis had to be less than or equal to 0.05 for each variable.
THE CI METER
In the CI meter (Chari's impedance meter, designed and developed by Chari Kandala), three frequencies, 1, 5, and 9ĂMHz, are generated by three crystal oscillators using similar circuit elements. A block diagram for 1 MHz is shown in figure 1 . The parallel-plate system acts as the impedance load (Z) and is connected to a multiplexer that alternately switches the three frequencies through Z. Initially, the 1 MHz signal flowing through Z is fed into an op-amp with a feedback resistor R r . The current flowing through R r , which is the same as that through Z, is rectified and calculated as e m1 /R r . The original signal is also rectified and measured as e r1 .
The magnitude of the impedance of the parallel-plate system is calculated as |Z| = R r (e r1 /e m1 ). The phase angle of the signal emerging out of Z is determined by comparing it with that of the original signal, using a phase detector. A comparator is used to ensure that the signal fed into the phase detector from the op-amp is constant and of the same amplitude as that of the original signal fed into the phase detector. The phase detector compares the two equal amplitude signals and gives an output voltage e p1 proportional to the phase angle q 1 between the two signals.
The computer then switches the multiplexer to 5 MHz and 9 MHz sequentially, and the measurements are repeated. The 5 MHz and 9 MHZ circuits are similar except for the values of some capacitors and resistors, which were changed slightly according to the frequency requirements. The real and imaginary components of Z at each frequency are calculated as R = |Z|cosq and X = |Z|sinq. The capacitance of the parallel-plate system with a peanut sample between the plates, at a frequency f, is obtained as:
The measurement system set up is shown in figure 2 . The CI meter is provided with a regulated power supply that can be plugged into a 115 VAC line. It can also be operated on two 12 V rechargeable batteries provided for field operations. AĂlaptop computer was used to control the operations, measure and register the data, and calculate the moisture contents.
PARALLEL-PLATE SAMPLE HOLDER
A cylindrical acrylic tube, fitted with a set of parallel-plate electrodes ( fig. 2) , served as the sample holder and sensor. The cylinder is 190 mm long with an internal diameter of 50Ămm and a wall thickness of 7 mm. An electrode assembly consisting of two rectangular aluminum plates, 140 mm long and 50 mm wide, was fitted inside the cylinder about 25 mm from the ends of the cylinder. The distance between the parallel plates is 42 mm. The sensor assembly rests on top of a rectangular acrylic box in a circular hole, centered about 35Ămm from the front side of the box. This box is provided with an acrylic drawer that slides in and out of the box manually. The front 75 mm portion of the top of the drawer is covered with an acrylic plate. When the drawer is pushed all the way into the box, this plate covers the hole and prevents peanuts placed in the cylinder from dropping into the drawer. Except for the electrodes, no metal parts were used in the assembly of the electrode system or the sample collecting system, to prevent any interaction with the RF signal used in the measurements. With the drawer pushed all the way in, the cylinder was filled with the peanut samples and the impedance measurements were taken. After the completion of the measurements, the drawer was pulled out, allowing the peanuts to fall into the drawer.
The drawer was emptied before another sample was placed in the cylinder for measurement. With the peanut pods occupying the space between the electrodes, the analyzer measured the impedance, phase angle, and dissipation factor of this electrode system at 1, 5, and 9 MHz, and a computer controlled and collected the data from the analyzer. Using these measurements in an empirical equation, the computer was programmed to calculate the moisture content in each peanut pod sample.
IN-SHELL PEANUT SAMPLES
In-shell peanuts, cv. Georgia Green, harvested during 2006 and 2007 were used in this work. Calibrations were done with the 2006 batch samples, and predictions were done on both the 2006 and 2007 batches. The average initial MC of the 2006 batch was about 6% as measured by the standard air-oven method for in-shell peanuts (moisture contents are expressed as % wet basis throughout this article). These peanuts were divided into 14 sublots and were placed in airtight containers. Leaving one sublot at the initial moisture level, appropriate quantities of water were added to each of the other containers, to raise the moisture levels in steps of about 1% moisture, to obtain a total of 14 moisture levels ranging between 6% and 24%. The containers were sealed and allowed to equilibrate at 4°C for one week. The containers were periodically rotated during this period to aid uniform distribution of moisture. Thus, 14 moisture levels with nominal MC values of 6%, 7%, 8%, 9%, 10%, 11%, 11.5%, 12%, 15%, 16%, 18%, 19%, 21%, and 23% were available for calibration and validation. The MC of the 2007 batch that was harvested and stored in the peanut laboratory was about 9.5%. Using similar procedures, two more moisture levels were developed and conditioned for equilibration from the 2007 batch. Thus, three moisture levels, with nominal MC values of 9.5%, 12.5%, and 20.5%, were available for testing from the 2007 harvest. The jars were removed from cold storage and the pods were allowed to reach room temperature in the jars before the measurements were made.
Oven moisture values for all the 14 sublots from the 2006 crop and the three sublots from the 2007 crop were determined by the standard air-oven method by heating the samples at 130°C for a time depending on the initial MC of the samples, as described in the alternate whole pod method in ASAE Standard S410.1 (ASAE Standards, 2002) . Following the standard, samples with initial moisture levels between 6% and 10% were heated for 3 h, those over 10% and up to 15% for 3.5 h, those between 15% and up to 20% for 4Ăh, and those above 20% and up to 25% for 4.5 h. Initially, a sample of peanut pods from the sublot with nominal MC level of 6% was transferred into the cylinder, with the drawer fully inserted into the box, until the space between the two parallel plates of the cylinder was completely filled, as shown in figure 2. Impedance and phase angle measurements were made on this sample and were recorded. Similar measurements were repeated on another 29 samples from this sublot and on 30 samples from each of seven sublots with nominal MC values of 8%, 10%, 11.5%, 15%, 18%, 21%, and 23% for calibration. All the samples used for calibration were from the 2006 harvest. The capacitance value of each sample was calculated using equation 4. From the capacitance, phase angle, and impedance values and the earlier determined average air-oven MC values of the samples in each of the calibration group, constants A 0 to A 5 in equation 3 were determined using SAS procedures (SAS, 2001) . With these constants in equation 3, the MC of the samples in six validation lots from the 2006 crop and at three moisture levels from the 2007 crop were calculated and compared with their MC values determined earlier by the standard air-oven method. Room temperature varied from 21°C to 23°C during the measurements.
RESULTS AND DISCUSSION
The values obtained for constants A 0 to A 5 in equation 3 determined using SAS procedures for regression analysis of the impedance measurements on the calibration sublots with the CI meter were: This calibration had an r 2 value of 0.99, and all the terms used in equation 3 had a probability of a greater absolute tĂvalue (Pr > |t|) under the null hypothesis of less than 0.0001 for the variables. These constants along with the values of impedance, phase angle, and capacitance (obtained from eq.Ă4) were used in equation 3 to calculate the MC of each of the 30 samples from the calibration sublots. The calculated values were averaged over the 30 samples in each moisture group and were compared with their air-oven values and are shown in table 1 along with their standard deviations, differences, and predictability. Predictability is defined as the percentage of samples in each moisture group for which the predicted MC values were within 1% of their air-oven values.
The standard error of calibration (SEC) was 0.62% MC (with p = 5 and n = 240): [c] Difference = air-oven value -mean predicted value. [d] Predictability is the % of samples in each moisture group for which the predicted MC is within 1% of the air-oven value. 
where n is the number of observations, p is the number of variables in the regression equation with which the calibration is performed, and e i is the difference between the observed and reference value for the ith observation. The predictability was good at all the MC levels. The average calculated values agreed well with the air-oven values, as shown in table 1, and the predictability ranged from 87% to 100%. The standard deviation for 30 samples at any moisture level was under 1%. A scatter plot between the airoven % MC values and the predicted % MC values (calculated using eq. 3) for each of the 30 samples in the eight calibration groups is shown in figure 3 .
The MC values predicted using the measured values of impedance and phase angle, for the six moisture groups of the validation sublots from the 2006 crop and three moisture groups from the 2007 crop, in equation 3 and averaged over 30 samples in each group are shown in table 2. Also shown are the air-oven values, standard deviations, differences, and predictability.
The predictability was 80% or more for any of the moisture levels and averaged above 93% over the nine [b] Difference = air-oven value -mean predicted value. [c] Predictability is the % of samples in each moisture group for which the predicted MC is within 1% of the air-oven value. validation sublots from either year. The standard error of performance (SEP) was 0.77% MC (p = 5 and n = 270) and is comparable with the SEP of 0.59% MC obtained earlier with a commercial instrument (Kandala and Nelson, 2007) . Shown in figure 4 is a scatter plot of the predicted values of each of the 30 samples from the nine validation groups, as determined using equation 3, compared with their air-oven values. The values predicted using equation 3 for crops from both years compared well with the air-oven values.
CONCLUSIONS
It is possible to estimate the MC of a small sample of inshell peanuts from measurements of impedance and phase angle using a low-cost impedance meter. The sample size was about 100 g, and the moisture content ranged between 6% and 23%. Calibration was done with different moisture groups of peanuts all harvested in 2006, and the validation was done on peanuts harvested in both 2006 and 2007. The predicted MC values were within 1% of their air-oven values for more than 93% of the samples tested from the two years. Presently, there are no commercial instruments available that measure the MC of in-shell peanuts, and this work may form the basis for development of such an instrument.
